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ABSTRACT
In a previous paper we simulated the orbital evolution of dust particles from the Jupiter Trojan asteroids ejected by the impacts of
interplanetary particles, and evaluated their overall configuration in the form of dust arcs. Here we compare the orbital properties of
these Trojan dust particles and the Trojan asteroids. Both Trojan asteroids and most of the dust particles are trapped in the Jupiter 1:1
resonance. However, for dust particles, this resonance is modified because of the presence of solar radiation pressure, which reduces
the peak value of the semi-major axis distribution. We find also that some particles can be trapped in the Saturn 1:1 resonance and
higher order resonances with Jupiter. The distributions of the eccentricity, the longitude of pericenter, and the inclination for Trojans
and the dust are compared. For the Trojan asteroids, the peak in the longitude of pericenter distribution is about 60 degrees larger
than the longitude of pericenter of Jupiter; in contrast, for Trojan dust this difference is smaller than 60 degrees, and it decreases with
decreasing grain size. For the Trojan asteroids and most of the Trojan dust, the Tisserand parameter is distributed in the range of two
to three.
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1. Introduction
Dust ejecta are generated when hypervelocity interplanetary
micrometeoroids impact the surfaces of atmosphereless bod-
ies (Krüger et al. 1999; Horányi et al. 2015; Szalay & Horányi
2016). As of July 2016, there are about 4266 known Jupiter Tro-
jan asteroids in the L4 swarm and 2341 in the L5 swarm (JPL
(Jet Propulsion Laboratory) Small-Body Database Search En-
gine). In previous work, we estimated the total cross section of
the Trojan asteroids that is exposed to the interplanetary flux,
and evaluated the production rate of ejecta particles from the
Trojan asteroids (Liu & Schmidt 2018). We also simulated the
subsequent evolution of these ejecta particles after ejection, and
derived their steady-state spatial configuration.
The orbital parameter distribution of the Trojan aster-
oids has received considerable interest (Jewitt et al. 2000;
Yoshida & Nakamura 2005). The motion of the Trojan dust par-
ticles is influenced by non-gravitational perturbation forces (see
Section 2) so that their dynamics differs from that of the Trojan
asteroids, which is reflected in their respective orbital properties.
In this paper, we compare the orbital properties of the Jupiter
Trojan asteroids and Trojan dust, which show a similar orbital
behavior, but are also different in many aspects.
Because of their low number density, there is no detection yet
of Trojan dust particles although upper limits on their cross sec-
tion were inferred (Kuchner et al. 2000), and our work is based
on numerical and analytical investigations. The Lucy spacecraft
developed by NASA will be the first mission to conduct recon-
naissance of Jupiter’s L4 and L5 Trojan asteroids (Levison et al.
2017). Because the dust particles are samples from the as-
teroid surfaces their in-situ compositional analysis by future
space missions will allow researchers to directly determine the
chemical composition of the asteroids (Sternovsky et al. 2017;
Toyota et al. 2017).
2. Brief description of the dynamical model
In this paper, the orbital parameters are defined with respect to
the Jupiter orbital inertial frame Oxoiyoizoi. The zoi axis points
to the normal of Jupiter’s orbital plane at J2000 epoch, the xoi
axis is taken to be the intersection of Jupiter’s orbital plane with
Jupiter’s equator plane at J2000 epoch, and the yoi axis follows
the right-hand rule. The Trojans’ orbital elements in the J2000
ecliptic reference frame are obtained from the JPL Small-Body
Database Search Engine, and then are transformed to the frame
Oxoiyoizoi.
For the dust particles we analyze simulation results from a
previous study (Liu & Schmidt 2018). Here we briefly describe
our model. Compared with asteroids, dust particles are subject
to non-gravitational forces including solar radiation pressure,
Poynting-Robertson (P-R) drag, solar wind drag, and the Lorentz
force due to the interplanetary magnetic field. We adopt silicate
as the material for Trojan dust. In our simulations, particles in
the size range [0.5, 32] µm are included. For each size, 100 par-
ticles from L4 Trojans are simulated until they hit Jupiter or their
Jovicentric distances lie outside the region of interest, [0.5, 15]
AU. For the details of the dynamical model and numerical sim-
ulations, the readers are referred to Liu & Schmidt (2018) and
Liu et al. (2016).
3. Distribution of semi-major axis a and orbital
resonances
We start our analysis from the distribution of the semi-major axis
for L4 Trojans and Trojan dust (Fig. 1). As expected, the distri-
bution of the Trojans’ semi-major axes peaks around aJupiter (5.2
AU), while the peak for the dust population is smaller and much
wider. This is mainly because of the effect of solar radiation pres-
sure combined with the Jupiter 1:1 mean motion resonance.
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The direction of solar radiation pressure is opposite to that
of the solar gravitational force. Thus, the effect of solar radia-
tion pressure can be included in terms of the effective solar mass
Meff = MSun(1−β) (Kresák 1976), where MSun is the mass of the
Sun. Other symbols with subscript “eff” in the text are defined
when the effective solar mass Meff is considered. For grain sizes
6 2 µm, the Trojan particles have short lifetimes (Liu & Schmidt
2018) because the strong solar radiation pressure rapidly expels
them away from the L4 region. Larger grains > 4 µm can be
trapped in the 1:1 resonance with Jupiter for a long time. The
effective resonant argument Ψ1:1 of the particle’s 1:1 resonance
with Jupiter is expressed as
Ψ1:1 = λeff − λJupiter , (1)
where λ is the mean longitude. At resonance, Ψ˙1:1 = 0
(Murray & Dermott 1999), and the effective semi-major axis at
the Jupiter 1:1 resonance is obtained as (Liou & Zook 1995;
Liou et al. 1995)
aeff,1:1 = aJupiter
[
MSun(1 − β)
MSun + MJupiter
]1/3
. (2)
Here MJupiter is the mass of Jupiter, and β is the ratio of solar ra-
diation pressure relative to solar gravitational force (Burns et al.
1979). The value of β is size-dependent, the dependence of
which on grain size for silicate particles can be found in Fig. 4b
of Liu & Schmidt (2018). Kresák (1976) derived the relation be-
tween the effective and conventional semi-major axis when dust
particles are released at the perihelion and aphelion of a comet.
Because of the small eccentricity for the majority of dust par-
ticles, this relation can be simplified by neglecting the effect of
eccentricity as
aeff = a
1 − β
1 − 2β . (3)
Combining Eqs. 2 and 3, the conventional semi-major axis at the
Jupiter 1:1 resonance is calculated as
a1:1 = aJupiter
1 − 2β
1 − β
[
MSun(1 − β)
MSun + MJupiter
]1/3
. (4)
It is apparent that a1:1 < aJupiter, and a1:1 becomes smaller with
decreasing grain size because their β becomes larger. It follows
that solar radiation pressure can efficiently decrease the values
of semi-major axes. This explains why the peak in dust density
is shifted radially inward from Jupiter (Fig. 7a of Liu & Schmidt
(2018)). As an example, Fig. 2 shows the evolution of the semi-
major axis and resonant argument for an 8 µm particle for 1000
years. The dust semi-major axis librates around a1:1 with nearly
constant amplitude. The resonant argument Ψ1:1 = λeff − λJupiter
librates around a fixed angle larger than 60◦ (Figs. 2a,b). The
small wiggles in Figs. 2a,c are also induced by solar radiation
pressure.
The distribution of the semi-major axis for 8 µm particles
is bimodal (Fig. 1). This is because the rate of change for the
semi-major axis is slowest near the turning points of the libra-
tion (Fig. 2a). As a result, these semi-major axis values con-
tribute more to the distribution. The precise libration amplitudes
are different for different particles of the same size, which is the
reason why the peaks for 8 µm particles in Fig. 1 are wide. Par-
ticles of different grain size (> 4 µm) also possess this bimodal
property. However, the bimodality is buried for the whole Trojan
dust population because different peaks of various grain sizes are
superimposed onto each other.
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Fig. 1. Semi-major axis distribution for the L4 asteroids (red) and Tro-
jan dust of all sizes (blue). The black line denotes the semi-major axis
distribution for 8µm particles. The size-dependent resonant semi-major
axis a1:1 (Eq. 4) is for 8 µm particles.
0 500 1000
5
5.1
5.2
5.3
40 60 80
5.05
5.1
5.15
5.2
5.25
0 500 1000
40
60
80
(a)
(b)
(c)
Fig. 2. Evolution of semi-major axis (a) and resonant argument Ψ1:1 =
λeff − λJupiter (b) for an 8 µm particle. (c), Semi-major axis versus λeff −
λJupiter for an 8µm particle for 1000 years of its evolution. Here the
resonant semi-major axis a1:1 is also for 8 µm particles.
There exist particles that are not trapped in the Jupiter 1:1
resonance, or which can escape from this resonance. Due to vari-
ous perturbation forces, these particles are transported either out-
wards or inwards, which does not occur for the Trojan asteroids
themselves. Some grains can be trapped in the Saturn 1:1 res-
onance. Following the same procedure as for Eqs. 1-4, we can
calculate the conventional semi-major axis at the Saturn 1:1 res-
onance. A 2 µm particle trapped in the Saturn 1:1 resonance is
taken as an example (Fig. 3), for which the resonant semi-major
axis is aSaturn 1:1 ≈ 8.78AU. The particle is transported outwards
and gets trapped in and escapes the Saturn 1:1 resonance several
times.
There are also particles that can be trapped in higher order
resonances with Jupiter. As an example we show the trapping
in the Jupiter (interior) 3:4 resonance (Fig. 4) and (exterior) 4:3
resonance (Fig. 5) for 2 µmparticles. The resonant arguments are
Ψ3:4 = 3λeff−4λJupiter+̟eff andΨ4:3 = 4λeff−3λJupiter−̟eff . The
resonant semi-major axes are calculated as a3:4 ≈ 3.94AU and
a4:3 ≈ 5.78AU. In both cases, particles are trapped for more than
5000 years. However, the trapping probabilities in the Saturn 1:1
resonance and the Jupiter higher order resonances are low. Thus,
these resonances contribute little to the overall distribution of
dust semi-major axis.
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Fig. 3. Evolution of semi-major axis and resonant argument ΨSaturn 1:1 =
λeff − λSaturn for a 2 µm particle. Here aSaturn 1:1 is for 2µm particles.
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Fig. 4. Evolution of semi-major axis and resonant argument Ψ3:4 for a
2 µm particle. Here a3:4 is for 2 µm particles.
Fig. 5. Evolution of semi-major axis and resonant argument Ψ4:3 for a
2 µm particle. Here a4:3 is for 2 µm particles.
4. Distributions of eccentricity e, longitude of
pericenter̟, and inclination i
The eccentricity distributions for the L4 asteroids and Trojan
dust of all sizes peak close to eJupiter (≈ 0.049), as shown in
Fig. 6. This is because in the elliptic restricted three-body prob-
lem, the values a = aJupiter, e = eJupiter, and ̟ = ̟Jupiter ± 60◦
are the stable equilateral solutions (e.g., Sándor & Érdi 2003;
Robutel & Souchay 2010).
The peak value of the dust eccentricity distribution is slightly
smaller than eJupiter. This is mainly because of the effects of P-
R drag and solar wind drag. For large particles, the orbits are
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Fig. 6. Eccentricity distribution of L4 asteroids (red) and Trojan dust of
all sizes (blue). The black line denotes the eccentricity distribution of
2µm particles.
nearly Keplerian. Using the orbital average method, the effects
of P-R drag and solar wind drag on eccentricity can be expressed
as (Burns et al. 1979)
〈
de
dt
〉
drag
= −(1 + sw)
3QSQprAU
2
4ρgrgc2

(
5e
2a2
√
1 − e2
)
, (5)
where sw is the ratio of solar wind drag to P-R drag, QS is the
radiation energy flux at one AU, Qpr is the solar radiation pres-
sure efficiency, ρg is the grain density, rg is the grain radius, and
c is the light speed. On average these two drag forces reduce
the value of eccentricity for larger particles. Large eccentricities
are induced for particles with grain sizes 6 2 µm (Fig. 6). These
small particles are affected by the strong solar radiation pressure
and Lorentz force, which increase the probability of encounters
with Jupiter, Saturn, or other planets. All these effects can excite
large eccentricities.
We do not see obvious patterns in the distributions of ω (ar-
gument of pericenter) and Ω (longitude of ascending node). In-
stead, we take a look at the distribution of ̟ = ω + Ω. For the
L4 asteroids and their dust, the distributions of ̟ are shown in
Fig. 7. The peak of the Trojans’̟ distribution is about 60◦ larger
than ̟Jupiter. This is because ̟ = ̟Jupiter + 60◦ is the stable
equilateral solution in the elliptic restricted three-body problem
(e.g., Sándor & Érdi 2003; Robutel & Souchay 2010), as men-
tioned above. To the knowledge of the authors, this peak with
distribution of ̟ for the Jupiter Trojan asteroids has not been
shown in the literature to date.
Roughly, the distributions of̟ for the L4 asteroids and dust
have the same shape. However, we note that for Trojan dust
∆̟ = ̟peak −̟Jupiter < 60◦. The value of ∆̟ becomes smaller
with smaller grain size, if the grains can be trapped in the Jupiter
1:1 resonance. Seen from Fig. 7, for dust of all sizes, ∆̟ ≈ 45◦;
while for 4 µm particles, ∆̟ ≈ 37◦.
Compared to the distributions of a, e, and ̟, the inclination
distribution of dust is closer to that of the L4 Trojans (Fig. 8). The
reason is explained as follows. The variation of the inclination
can be expressed as (Murray & Dermott 1999)
di
dt
=
r cos(ω + f )
na2
√
1 − e2
N, (6)
where r is the Jovicentric distance, f is the true anomaly, n is the
mean motion, and N is the normal component of the perturba-
tion force relative to the orbital plane. Solar radiation pressure,
P-R drag, and solar wind drag have no such normal component.
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Fig. 7. Distribution of the longitude of pericenter for L4 asteroids (red)
and Trojan dust of all sizes (blue). The black line denotes the distribu-
tion of longitude of pericenter for 4 µm particles.
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Fig. 8. Inclination distribution of the L4 asteroids (red) and Trojan dust
of all sizes (blue). The black line denotes the inclination distribution of
1 µm particles.
Thus, these forces do not change orbital inclination (Burns et al.
1979). Although the Lorentz force has a normal component with
respect to the dust orbital plane, for large particles the Lorentz
force is weak because of its dependence on the inverse square
of the grain size. Besides, the polarity of the interplanetary mag-
netic field rapidly changes with the 22 year period of the solar
cycle (Gustafson 1994; Landgraf 2000), so the average effect of
the Lorentz force on inclination is very small (Fahr et al. 1995;
Moro-Martín & Malhotra 2003). Also because larger particles
can stay in the system for a longer time, the inclination distri-
bution of the whole dust population is roughly consistent with
that of the L4 Trojans for the most part.
For small particles, the magnitude of Lorentz force is rela-
tively strong; moreover, the value of β is relatively large, which
implies that the dust orbit becomes non-Keplerian. As a result,
the effect of the Lorentz force on inclination does not aver-
age out. This explains the remaining inclination difference be-
tween L4 Trojans and Trojan dust (small wiggles in Fig. 8). Tak-
ing 1 µm particles for instance, they can attain high inclination
(black line in Fig. 8) due to the stronger Lorentz force (Fig. 9).
5. Distribution of the Tisserand parameter TP
The Tisserand parameter is a nearly conserved quantity in the
circular restricted three-body problem, derived as an approxima-
tion to the Jacobi constant (Tisserand 1886; Murray & Dermott
1999). In celestial mechanics, the Tisserand parameter is often
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Fig. 9. Evolution of inclination starting from an initial value i0. The
parameter ∆i is the integral of the contribution to di/dt due to different
perturbation forces acting on a 1 µm particle.
used for orbit classification (Levison 1996; Levison & Duncan
1997). The Tisserand parameter with respect to Jupiter is defined
as
TP =
aJupiter
a
+ 2 cos i
√
a
aJupiter
(1 − e2) . (7)
Similar to the dynamical behavior of comets (Levison 1996;
Levison & Duncan 1997), typical values of the Tisserand param-
eter for Jupiter Trojan asteroids satisfy 2 < TP < 3. From our
simulations, we know that dust particles keep for most of their
dynamical evolution a value of TP that is close to TP of their
sources. As a consequence, the L4 Trojans and dust particles
ejected from them have similar distributions of TP (Fig. 10). For
the overwhelming part we have 2 < TP < 3. For dust particles
there is a very small portion with values of TP > 3. This mainly
attributes to particles in the size range [1, 2] µm. For these grain
sizes, the lifetime is long enough for strong solar radiation pres-
sure to increase the TP values. As an example the TP distribution
for 2 µm particles is also shown in Fig. 10.
For dust released from the main belt asteroids (Dermott et al.
2002), we expect TP > 3 as their sources. Thus, determination
of the orbital elements from the measured dust velocity should
allow us to distinguish particles that were released from Tro-
jan asteroids and from main belt asteroids. We note that Jupiter-
family comets also have typical values of Tisserand parameters
in the range 2 < TP < 3 (Levison 1996; Levison & Duncan
1997). However, for most of these comets the semi-major axes
are much larger, or smaller, than those of Jupiter Trojans (5.2
AU). Besides, eccentricities of Jupiter-family comets (> 0.2) are
larger than the typical eccentricities of Jupiter Trojans. Thus, it
will be possible as well to distinguish dust released from Trojan
asteroids and dust from Jupiter-family comets in terms of their
semi-major axes and eccentricities.
6. Conclusions
In previous work, we developed a numerical model for dust par-
ticles ejected from the Jupiter Trojans, and derived their config-
uration in space (Liu & Schmidt 2018). In this work, we com-
pare the orbital properties of these Trojan dust particles and the
Jupiter L4 asteroids.We find that the peak of semi-major axis dis-
tribution for Trojan dust is smaller than that for Trojans, which
is mainly due to solar radiation pressure. The distribution of the
semi-major axis for grain sizes > 4 µm is bimodal. A fraction
of the particles can be trapped in the Saturn 1:1 resonance and
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Fig. 10. Distribution of Tisserand parameter (relative to Jupiter) for L4
asteroids (red) and Trojan dust of all sizes (blue). The black line denotes
the distribution of the Tisserand parameter for 2µm particles.
Jupiter higher order resonances. The peak of the eccentricity dis-
tribution for Trojan dust is also smaller than that for Trojans,
which is because of the action of P-R drag. For the Trojan aster-
oids, the peak in the longitude of pericenter distribution is about
60◦ larger than Jupiter’s longitude of pericenter. For Trojan dust
this difference is less than 60◦, and it decreases with decreasing
grain size. The inclination distributions of Trojans and Trojan
dust are quite similar, except that small particles can attain large
inclination due to the effect of the Lorentz force. The Trojan as-
teroids and most Trojan dust have typical values of Tisserand
parameters in the range of two to three.
Acknowledgements. This work was supported by the European Space Agency
under the project Jovian Micrometeoroid Environment Model (JMEM) (contract
number: 4000107249/12/NL/AF) at the University of Oulu and by the Academy
of Finland. We acknowledge CSC – IT Center for Science for the allocation of
computational resources on their Taito cluster.
References
Burns, J. A., Lamy, P., & Soter, S. 1979, Icarus, 40, 1
Dermott, S. F., Durda, D. D., Grogan, K., & Kehoe, T. J. J. 2002, in Asteroids
III, ed. W. F. Bottke, A. Cellino, P. Paolicchi, & R. P. Binzel (The University
of Arizona Press), 423–442
Fahr, H., Scherer, K., & Banaszkiewicz, M. 1995, Planetary and Space Science,
43, 301
Gustafson, B. Å. S. 1994, Annual Review of Earth and Planetary Sciences, 22,
553
Horányi, M., Szalay, J. R., Kempf, S., et al. 2015, Nature, 522, 324
Jewitt, D. C., Trujillo, C. A., & Luu, J. X. 2000, The Astronomical Journal, 120,
1140
Kresák, L. 1976, Bulletin of the Astronomical Institutes of Czechoslovakia, 27,
35
Krüger, H., Krivov, A. V., Hamilton, D. P., & Grün, E. 1999, Nature, 399, 558
Kuchner, M. J., Reach, W. T., & Brown, M. E. 2000, Icarus, 145, 44
Landgraf, M. 2000, Journal of Geophysical Research, 105, 10303
Levison, H., Olkin, C., Noll, K., Marchi, S., & Team, L. 2017, in 48th Lunar and
Planetary Science Conference, The Woodlands, Texas
Levison, H. F. 1996, in Astronomical Society of the Pacific Conference Proceed-
ings, Vol. 107, Completing the Inventory of the Solar System, ed. T. Rettig &
J. Hahn, 173–191
Levison, H. F. & Duncan, M. J. 1997, Icarus, 127, 13
Liou, J.-C. & Zook, H. A. 1995, Icarus, 113, 403
Liou, J.-C., Zook, H. A., & Jackson, A. 1995, Icarus, 116, 186
Liu, X., Sachse, M., Spahn, F., & Schmidt, J. 2016, Journal of Geophysical Re-
search: Planets, 121, 1141
Liu, X. & Schmidt, J. 2018, Astronomy & Astrophysics, 609, A57
Moro-Martín, A. & Malhotra, R. 2003, The Astronomical Journal, 125, 2255
Murray, C. D. & Dermott, S. F. 1999, Solar System Dynamics (Cambridge Uni-
versity press)
Robutel, P. & Souchay, J. 2010, in Dynamics of Small Solar System Bodies and
Exoplanets, ed. J. J. Souchay & R. Dvorak (Springer), 195–227
Sándor, Z. & Érdi, B. 2003, Celestial Mechanics and Dynamical Astronomy, 86,
301
Sternovsky, Z., Hillier, J., Postberg, F., et al. 2017, in 48th Lunar and Planetary
Science Conference, The Woodlands, Texas
Szalay, J. R. & Horányi, M. 2016, The Astrophysical Journal Letters, 830, L29
Tisserand, F.-F. 1886, Traité de Mécanique Céleste. Tome IV. (Paris: Gauthier-
Villars)
Toyota, H., Nishiyama, K., Kawakatsu, Y., et al. 2017, in 12th Low-Cost Plane-
tary Missions Conference, Pasadena, California
Yoshida, F. & Nakamura, T. 2005, The Astronomical Journal, 130, 2900
Article number, page 5 of 5
